Résumé. - Abstract. -By considering the polycrystalline structure of thin metal layers, reactive as well as resistive components of the sheet impedance can be identified and related to the optical properties. In the cases studied, the reactance has been identified with the inter-grain capacitance and has been related simply to the geometry of the film structure. A final link between the optical properties and the film structure has been achieved with the derivation of an equation by which the grain boundary resistance can be calculated from the basic electronic properties of the material.
Introduction. - It has long been recognized that the fine-grain structure of evaporated metal layers often results in anomalous optical properties. In 1952 the reactive contribution of the grain boundaries to the electrical impedance of polycrystalline films was established by optical measurements on evaporated bismuth [1] . It was shown that for wavelengths which are long compared with film thickness it is possible to account for the optical characteristics in terms of the complex impedance of the circuit network formed by the film structure. Capacitance between adjacent crystallites, or grains, was found to be the main source of reactance. In 1953 the idea of inter-grain capacitance was adopted also by Harris [2] [3] in 1955. The results of a more detailed study of the problem were published in 1957 [5] .
A typical polycrystalline structure is illustrated by the electron micrograph of evaporated bismuth shown in figure 1 . The film structure is comprised of close-fitting polygonal crystallite grains separated by well defined plane grain boundaries [4, 5] . From infrared transmission studies it was concluded that the complete complex impedance of such films is derived from an actual random network of lumped-constant resistors and capacitors formed by the grain boundaries, the crystallites being the network conductors [1, 4, 5] . In addition it was concluded that a sharp division e'xists between those grain boundaries which conduct moderately well and those with essentially no conductivity [4] . The optical properties of such a film can be derived in terms of the unit network shown in figure 3, [4, 5] . It follows, therefore, that R = 1/2 Rdc, where Rdc is the dc sheet resistance of the film in ohms per square [4] . For The aim of the present work is to establish a theoretical relationship between the electronic properties and the sheet resistance. In the development of this theory the main task was the evalution of electron scattering at the grain boundaries. A geometry was assumed for the film structure as shown in figure 2. In the calculation of electron penetration of grain boundaries a mechanism based on quantum mechanical tunneling was assumed. In the case of bismuth this theory has given not only the correct magnitude for film resistance, but it has also predicted the observed voltage and thickness dependences. In addition, the inclusion of diffusion conditions for film oxidation has, tor the first time, given a satisfactory explanation of an anomalous aging effect that had been observed on many films.
With the resultant equation for film resistance, as derived in this work, it is possible, finally, to calculate the optical properties of polycrystalline films from a knowledge of such quantities as the effective electron mass, electronic work function, Fermi energy, dielectric constant, and the film geometry.
Optical properties of polycrystalline films. 2013 In order to accomodate all possible wavelength dependences of the optical properties of thin polycrystalline layers, it is necessary to describe the film behavior in terms of a number pair. Although it is customary to calculate the optical constants n and k, it is difficult to relate these numbers to physical features of the film structure in the case of close-fitting polygonal grains, as are being considered here. Since we are seeking a means of relating the interaction of electromagnetic waves with the structural features of a film, it seems more appropriate to consider the role of electrical impedance in describing the film characteristics. Thus, it has been possible to describe, equally well, the optical properties with the number pair R and X, representing, respectively, the resistive and reactive components of the film impedance [4, 5] . Further, it has been found that the reactance X can be indentified with specific structural features of the film, as, for example, the inter-grain capacitance.
In terms of a general film impedance Z the optical properties for normal incidence are given by the equations [4] .
where oc, P, y are, respectively, the fraction of incident power reflected, absorbed, and transmitted. Zo is the characteristic impedance of free space (377 ohms/square). These expressions hold only for a film thickness which is small compared with the wavelength.
For the simple representation Z = R + i x, we can write. In evaluating these equations both R and X must be related to a specific unit circuit. Thus, for the circuit configuration shown in figure 3 , for example and Here Rgb is the mean grain boundary resistance in ohms for those grain boundaries which conduct, C is the mean grain-to-grain capacitance in farads, X is the radiation wavelength, in cm, and c = 3 X 1010 cm/s.
If the film geometry and the inter-grain dielectric constant K are known or assumed, the capacitance C can be calculated iimply trom the parallel plate formula where d is the average film thickness and a is the inter-grain spacing, both in em, as shown in figure 2. In practice C is calculated from infrared transmission measurements [4] , the grain size d is determined drom the electron micrographs, and a is calculated from equation (9). With the presence of oxide, impurities, and adsorbed gases in the grain boundary, the resultant dielectric constant K will certainly exceed unity. On the other hand an upper limit to the value of a can be ascertained from the electron micrographs, which in the case of bismuth films seems to be about 30 A.
From these results it is concluded that the effective value of K is of the order of 3.
Having established values for d, a and K, it is now possible to eliminate C and X by combining equations (8) and (9) with equations (4), (5) and (6) . The resistance R (or Rgb) remains the only quantity in equations (4), (5) Never has te aging curve for any film been found to fall within the shaded area. The present theoretical aging equation shows this type of division in the long term stability of such films. Details of this latter work on film aging will be presented in a separate publication.
These results confirm the applicability, at least in the case of evaporated bismuth, of the resistance equations (21) and (22), and verify the tunnel mechanism for sheet conductivity. Calculations of film resistance based on this theory make it possible to predict, again with a high degree of success for evaporated bismuth, the optical properties from the basic electronic properties of the material and a knowledge of the film structure.
